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Executive Summary
The rapid deployment of wind power has made grid integration and operational issues focal points in industry discussions and research. Compliance with grid connection standards for wind power plants (WPPs) is crucial to ensuring the reliable and stable operation of the electric power grid. This report compares the standards for grid-connected WPPs in China to those in the United States to facilitate further improvements in wind power standards and enhance the development of wind power equipment. Detailed analyses of power quality, low-voltage ride-through capability, active power control, reactive power control, voltage control, and wind power forecasting are provided to enhance the understanding of grid codes in the world's two largest markets of wind power.
This study compares WPP interconnection standards and technical requirements in China to those in the United States. The major goals of this report are to:
• Understand the current status of WPP interconnection standards in China and the United States to provide a good reference for the development and enhancement of the framework of related wind power standards in both countries
• Analyze and compare typical utility connection requirements for WPPs to provide a good reference for the development and enhancement of WPP interconnection requirements in both countries
• Understand the specific and unique technical requirements for WPPs in China to be able to make relevant recommendations to related standards development organizations at the international level. 
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Introduction
Wind energy has experienced significant growth, accumulating 369,597 GW of global installed capacity at the end of 2014 [1] . In the United States, wind energy installations totaled more than 61 GW at the end of 2014, contributing 4.4% of the country's total electricity generation [2] . China has become one of the fastest growing markets for wind power. At the end of 2014, China had connected 96.37 GW of wind power to the grid, which accounted for 7% of the total installed capacity [3] . Both China and the United States have developed robust wind generation markets coupled with ambitious targets that point to scenarios of high penetrations of wind power in the future.
In both countries, the rapid deployment of wind power has posed new challenges in maintaining grid stability and reliability in large-scale electric power system operations. China, in particular, has suffered severe integration issues because technical standards for wind power plants (WPPs) lagged behind the surge in installations. The lack of appropriate standardization caused many WPP developers in the industry to maximize the power rating using inexpensive technology without concern for power quality [4] . Lacking low-voltage ride-through (LVRT) capability, many wind turbines disconnected from the grid during voltage dips [5] . Low-quality power generated from wind was exacerbated by weak grids in high-wind regions in the western and northern parts of China as well as the massive interconnection of WPPs from the major wind bases [6] . These factors, along with a number of other technical and policy challenges, contributed to low utilization rates of wind power in China-wind curtailment rates reached 17.1% in 2012, recording only 1,890 hours of utilization [7] . In 2011, the Chinese government issued a mandate for WPPs and turbines to meet a set of interconnection standards, enforcing national compliance for the first time [8] . To increase the amount of wind energy generation and enhance grid performance, China has plans to continuously update and optimize its grid code in accordance with the penetration level and strength of the regional power networks.
The United States experienced similar challenges as wind power reached commercial viability. As wind turbine installations moved beyond the relatively strong portion of the network in Northern California, many plants experienced voltage problems due to inadequate reactive power supply in a relatively weak transmission network [9] . The majority of the commercial wind developments in high-wind resource areas were interconnected to relatively weak portions of the bulk power systems in Texas and the upper Great Plains, away from load centers. Since the early 2000s, grid codes have evolved under different jurisdictions in the United States, helping to define WPP interconnection specifications within the bulk power system and drive improvements in wind turbine system design, particularly for control and electric power systems [9] . This report compares standards and technical requirements for grid-connected WPPs in China to those in the United States. The main objectives are to:
• Understand the current status of WPP interconnection standards in China and the United States to provide reference for the development and enhancement of the wind power standardization framework in both countries
• Analyze and compare utility connection requirements for power quality, LVRT capability, active and reactive power control, voltage control, and wind power forecasting to define and lower the technical barriers for wind turbine equipment suppliers to both countries
• Understand the specific and unique characteristics of China's technical requirements for WPPs to make recommendations to relevant standards development organizations at the international level.
This study focuses on requirements for large-scale wind power generation and interconnection in the bulk power system. Note that wind power systems that are considered "distributed generation" (less than 20 MW) merit additional research and are not covered here. Further, the report heavily relies on the original standards, rules, and regulations that are listed in the references section. In many cases, information is directly taken from relevant original sources of these standards for the purpose of comparative analysis.
Standards Studied
To ensure that wind turbine generators (WTGs) behave more like conventional power plants with synchronous generators, transmission system operators in various countries have designed technical standards for WPPs. These interconnection standards require WPPs to contribute to power system (voltage and frequency) control and define turbine behavior during grid disturbances [10] . In addition to maintaining transmission stability, wind grid codes also increase the transparency of technical negotiations between the power plant and transmission system operators and outline the technical parameters for wind power equipment providers [11] .
United States
The surge in variable generation from wind prompted the development of formal technical interconnection procedures and standards for wind power systems in the United States [9] . The U.S. Federal Energy Regulatory Commission's 1 (FERC)'s 2003 order (FERC Order No. 2003) proposed a "Large Generator Interconnection Procedure" and a "Large Generator Interconnection Agreement" (LGIA) for all generators with a generation capacity greater than 20 MW, but it made no distinction between synchronous and variable-speed generators [9] . In response, the wind industry, including the American Wind Energy Association and the Western Electricity Coordinating Council, developed proposals for interconnection standards and guidelines specific to wind generation [9] . In June 2005, FERC issued Order No. 661, requiring public utilities to include technical requirements and standard procedures for the interconnection of large wind-generating plants in their large generator interconnection procedures and LGIAs [12] . The requirements address LVRT capability, supervisory control and data acquisition (SCADA) capability, and power factor design criteria. After the American Wind Energy Association and the North American Electric Reliability Corporation (NERC) 2 3 released a special assessment of its "Interconnection Requirements for Variable Generation" to address voltage and frequency ride-through, reactive and real power control, and frequency/inertial response criteria specific to the technical characteristics of variable generation [14] . Recommendations from IVGTF to update standards and procedures are currently being implemented.
In compliance with NERC and FERC standards, regional reliability organizations have established regional versions of the grid codes. The two regional grid codes studied here are from the Independent System Operator-New England (ISO-NE) and the Electric Reliability Council of Texas (ERCOT). These two regional grid codes were studied because both have relatively high wind installation targets, designed their grid codes after extensive studies, and are representative of subnational grid codes. In November 2009, ISO-NE released the "Technical Requirements for Wind Generation Interconnection and Integration" as part of its wind integration study, commissioned "in anticipation of significant wind generation development" [15] . Prepared by GE, EnerNex, and AWS Trupower, the study makes specific recommendations for ISO-NE's wind interconnection policies and practices. ERCOT has incorporated many technical requirements for WPPs into its "Nodal Operating Guides," which specifies practices for the ERCOT system in congruence with NERC standards and ERCOT "Nodal Protocols." In July 2010, ERCOT released a summary of the significant WPP requirements in its region that specified the three requirements placed on WTGs in ERCOT "above and beyond their general responsibilities as interconnected generators": voltage ride-through, reactive support, and frequency response [16] . [17] . The rules were published at the beginning of China's wind power industry in the early to mid-2000s and were considered recommendations rather than compulsory standards. These were later replaced by GB/T 19963-2011 as the industry matured [18] . 3 For more information on IVGTF, see http://www.nerc.com/comm/PC/Pages/Integration-of-Variable-GenerationTask-Force-(IVGTF)-2013.aspx.
No. Standard
Title Version [19] , which established that WPPs should have power control, wind power forecasting, LVRT, and communications capabilities to be compatible with China's electric power grid system. Nevertheless, without official guidance from the government, these standards were not enforceable nationally.
In August 2011, the National Energy Administration issued the industry standard on the "Wind Power Interconnection Technical Regulations," NB/T 31003-2011, which specified the design of technical requirements for large-scale WPP connection [20] .
Finally, in December 2011, the General Administration of Quality Supervision Inspection and Quarantine and the Standard Administration of China issued the "Technical Rule for Connecting Wind Farm to Power System," GB/T 19963-2011, establishing national compulsory interconnection requirements; these were implemented in June 2012 [8] . Much of the content of the State Grid enterprise standard, Q/GDW 392-2009, has been updated and incorporated into the new national standard, GB/T 19963-2011 4 ; thus, the enterprise standard is referenced in this study, but it is not analyzed in the comparative sections. 
Comparison Items
The comparison of the WPP interconnection standards in this paper focuses on the scope and application range of these standards along with nine technical aspects, as listed in Table 3 . 4 The passage of the mandatory GB/T 19963-2011 in China replaced the voluntary GB/Z 19963-2005.
No. Standard
Title Version 
Scope of the Standards
This section compares the application ranges of the standards. 
NERC Recommendation
These regulations apply to the bulk electric system within NERC jurisdiction.
ERCOT
ERCOT's voltage control requirements apply to generating facilities with a capacity more than 20 megavolt-amperes (MVA), and active control is required for all generating resources.
ISO-NE These standards generally apply to the bulk power systems within the ISO-NE service region (> 20 MW).
Table 6. Summary of the Comparison of the Scope of the Standards
As noted above, because most of the contents of Q/GDW 392-2009 were updated and incorporated into the newly issued national standard GB/T 19963-2011, it was not included or compared further in this study.
Power Quality
A comparison of the requirements for harmonics; flicker; and voltage deviation, imbalance, and variation helps determine the differences between standards in the United States and China for the power quality of grid-connected WPPs.
Harmonics
China's standards for harmonic requirements comply with GB/T 14549, "Quality of Electric Energy Supply Harmonics in Public Supply Network." This standard defines the tolerable value of harmonics in the public grid and the measurement method for harmonics. It is suitable for the alternating-current, public, electric power grid with a rated frequency of 50 Hz and rated voltage less than 110 kV. It defines the limitation of harmonic voltage and the allowable value of harmonic current under different standard voltages (including 0.38 kV, 6 kV, 10 kV, 35 kV, 66 kV, and 110 kV). The permissible harmonic current injected into the power system by a WPP should be distributed according to the ratio of the installed capacity of the WPP to the total capacity of the generating/supply equipment with the harmonic source at the point of interconnection (POI). On a turbine-by-turbine basis, the requirement limits the total harmonic distortion of the current at the terminals of the machine to less than or equal to 5% of the rated fundamental frequency (from 1 kV-69 kV) 5 [15] . According to IEEE 519, the current distortion limits are determined by the short-circuit ratio, or the ratio of short-circuit current at the point of common coupling (PCC) to the maximum load or demand current. Table 7 . Harmonics: China's Standards 5 At higher voltages (from 69 kV-161 kV), the total harmonic distortion is limited to 2.5%. 6 GB/T 14549 "Quality of Electric Energy Supply Harmonics in Public Supply Network"
Standard
Sec. Requirement
The harmonic current injection at the POI should meet the requirements of GB/T 14549. 6 The permissible harmonic currents injected into the power system by the WPP shall be distributed according to the ratio of the installed capacity of the concerned WPP to the total capacity of the generating/supply equipment containing harmonic sources at the POI.
NB/T 31003-2011 5.4
The harmonic current injection at a WPP's POI should meet GB/T 14549 specifications. The permissible harmonic currents injected into the power system by the WPP shall be distributed according to the ratio of the installed capacity of the concerned WPP to the total capacity of the generating/supply equipment containing harmonic sources at the POI. IVGTF recommendation: There is no need for NERC to develop additional interconnection criteria for subsynchronous resonance/subsynchronous interactions or harmonics; however, NERC recommends:
• Synchronization of generators to the grid should not cause excessive dynamic or steady-state voltage changes at the POI; a 2% limit may be considered as a baseline.
• Design studies that assess the harmonic performance of all wind and solar plants
• Technical guideline document to understand the control interactions and assess and mitigate the risks of wind and solar power plants located near series-compensated transmission lines.
ERCOT Interconnection or Change Request Procedure (2004)
Compliance with IEEE 519
ISO-NE Technical Requirements for Wind Generation Interconnection and Integration
3.5
Compliance with IEEE 519 in interconnection requirements.stablish guidance (same as that provided to all generation and industrial interconnections) regarding background distortion on the network in plant design and substation modifications. 
Flicker
China's standards (with reference to GB/T 12326, "Power Quality-Voltage Fluctuation and Flicker") have definite quantitative flicker requirements. The interference value for flicker at the POI of a WPP should meet the requirements of GB/T 12326. The limit of the long-term flicker value, Plt (calculated for a 2-hour time frame), caused by the WPP shall be assigned according to the ratio of the installed capacity of the WPP to the total capacity of the interference source at the PCC. In GE Energy's study of ISO-NE on the Technical Requirements for Wind Generation Interconnection and Integration, the test for the voltage flicker index is based on the short-term flicker value, Pst (calculated in a 10-minute time frame). The interference value for the flicker at a WPP's POI shall meet the requirements of GB/T 12326, and the limit of the long-term flicker value, Plt, caused by a WPP shall be assigned according to the ratio of the installed capacity of the WPP to the total capacity of the interference sources at the POI.
NB 
Summary of the Comparison
Although China's standards require a limit for the long-term flicker value, Plt, they contain no requirements for the short-term flicker value, Pst.
Voltage Deviation
For voltage deviation, China's standards require that the sum of the absolute values of the positive and negative voltage deviations at the POI do not exceed 10% of the nominal voltage; during normal operation, the voltage deviation should be within -3%-+7% of the nominal voltage. NERC Standard VAR-001-4, "Voltage and Reactive Control," requires each transmission operator to specify a system-wide voltage schedule as part of its plan to operate within system operating limits and interconnection reliability operating limits and to provide the voltage schedule to its reliability coordinator and adjacent transmission operators upon request. In addition, Standard VAR-001-4 requires each transmission operator to schedule sufficient reactive resources to regulate voltage levels and to operate or direct the operation of devices to regulate transmission voltage and reactive flows. 
Voltage Imbalance
An unbalanced condition in an electric power system is often caused by untransposed lines, unbalanced loads, unbalanced system faults, breaker malfunctions, and open phases. The ability of a generator to accommodate unbalanced currents is specified by IEEE Standard C50.12 8 and IEEE Standard C50.13 9 in terms of negative-sequence current. China's standards comply with GB/T 15543-2008: Power Quality-Three-Phase Voltage Unbalance. 
Active Power/Reactive Power
All relevant standards in the United States and China have detailed active power/reactive power requirements. Comparisons of the commonalities and differences are found and detailed below.
Active Power
Standards in both China and the United States specify active power control and ramp rate limits. China's standards have additional requirements for active power control during emergency grid conditions. China's standards for active power requirements in a WPP include three main aspects: (1) power regulation capability of a WPP's active power, (2) the ramp rate limit of a WPP's active power, (3) the control of active power of a WPP under an emergency power system condition. Note that the term active power is synonymous with real power and power.
In the United States, ISO-NE requires the active power output from a WPP to be adjustable in real time. In addition, to support frequency regulation, the active power output must be adjustable and its ramp rate shall be limited, and the WPP shall respond to the automatic generation control command signal [15] . ERCOT requires active power control for all generating resources. Frequency response from a wind turbine is required to support frequency dips only when WPPs are curtailed (i.e., the WPP has additional reserve power because it generates less than the available wind power) [16] . Compared to U.S. standards, the active power control requirements of WPPs in China are relatively straightforward. 13 and have the capability to participate in power system frequency regulation, peak power regulation, and power reserve. 5.1.2 WPPs shall be equipped with an active power control system and have active power regulating capability.
Standard
Sec. Requirement 5.1.3 When the active power of a WPP is more than 20% of the total rated capacity, all wind turbines in the WPP shall implement the continuous smooth regulation of active power and participate in the active power control of the power system. 5.1.4 WPPs shall be able to receive and automatically enforce the control command for active power and the power ramp rate (dP/dt) issued by the power system dispatch center. The active power and the ramp rate of the WPP shall be consistent with the references (for P and dP/dt) issued by the power system dispatch center. 5.2 Ramp rate (dP/dt) during normal operation 5.2.1 The ramp rate of a WPP includes a 1-minute ramp rate and a 10-minute ramp rate. During the start-up of a WPP and wind speed increase, the ramp rate of the WPP shall meet the requirements for the safe and stable operation of the power system. Its limits shall be determined by the power system dispatch center according to the frequency regulation characteristics of the connected power system. 5.2.2 The recommended values for the limit of the ramp rate of a WPP are detailed in GB/T 19963, which are also applicable to the normal shutdown of a WPP. There may be conditions when the ramp rate of the WPP exceeds the maximum ramping limit; these conditions may be caused by wind speed drops or wind speed exceeding the cut-out wind speed. 5.3 Emergency control 5.3.1 During a severe power system disturbance or emergency operation, a WPP shall rapidly control its active power output according to the command of the power system dispatch center. If necessary, the active power of the WPP may be rapidly and automatically reduced through the automatic safety device or the WPP may be disconnected from the grid. On these occasions, the ramp rate of the output power of the WPP is allowed to exceed the maximum ramp rate limit specified by the power system dispatch center. 1. The active power of a WPP shall be reduced during a severe disturbance or special operation mode to prevent overloading the transmission components (transformer, switchgear, etc.) and ensure power system stability. 2. When the frequency of a power system is higher than than 50.2 Hz, the active power of the WPP shall be reduced according to the command of the power system dispatch center or the entire WPP shall be disconnected from the grid during a severe disturbance. 3. If the operation of a WPP endangers the safety and stability of a power system during a power system disturbance or emergency circumstances, the WPP shall be temporarily disconnected from the grid by the power system dispatch center based on the requirements. 5.3.2 After the power system recovers from the disturbance to normal operation, the WPP shall be reconnected according to the dispatch command. 
Sec. Requirement active power control signal received). 5.1.2 The ramp rate limit of the active power of a WPP should be coordinated with the power system frequency regulation ability and the fixed regulating properties of other power plants. 5.1.3 If a system's frequency regulation capacity is insufficient, the active power of the WPP could be reduced. 5.1.4 During a power system failure or during a specific critical condition, the WPP can be disconnected from the grid to ensure the reliability and stability of the grid. When the power system has returned to normal operation, the WPP should be reconnected to the grid. • ISO-NE should stay engaged with the nascent NERC debates and provide inputs as necessary. 2.1.3.2 Require curtailment capability, but avoid requirements for excessively fast response.
• Wind generation can respond rapidly to instructions to reduce power output or relax curtailments.
• A Δ10%/second for rate of response to a step command to increase or reduce power output is reasonable. This rate of response to step instructions should not be confused with the deliberate imposition of ramp rate limits. 2.1.3.3 Require the capability to limit the rate of increase of power output.
• WPPs should be required to have the capability to limit the rate of power increase. 2.1.3.4 Encourage the capability to accept automatic generation control signals. 2.1.3.5 Encourage or mandate the reduction of active power in
Sec. Requirement response to high frequencies.
• ISO-NE should encourage WPPs to provide overfrequency droop response of similar character to that of other synchronous machine governors. 2.1.3.6 Consider requiring the capability to provide an increase of active power for low frequencies.
• ISO-NE should consider requiring WPPs to have the capability to provide this response, and then establish rules and possibly compensation, for when such controls would be enabled.
• The capability to move active power output at rates on the order of 10%/second in response to step changes in curtailment (or dispatch) appear to be within several, if not most, of the original equipment manufacturers' capabilities.
Ramp rate control
• Because pitch-controlled WTGs can limit their active power output, they are also capable of controlling the rate of change of power output in some circumstances, including the rate of increase of power when wind speed is increasing, the rate of increase in power when a curtailment of power output is released, and the rate of decrease in power when a curtailment limit is engaged.
• These functions could be implemented at either the level of an individual turbine or a plant.
• Specifically, a short window (typically 1-minute) ramp rate limit addresses possible limitations in system regulation capability. A longer window (typically 10 minutes) addresses possible limitations in grid load-following capability.
Accepting automatic generation control instructions
• The range and minimum speed of response must be consistent with the dynamic characteristics of the available wind generation.
Summary of the Comparison
China's standards and the U.S. standards specify active power control and ramp rate limits in great detail. China's standards have additional requirements for active power control during emergency grid conditions.
China's standards for active power control include three main aspects: (1) the regulating capability of a WPP's active power, (2) the limit on the rate of change of a WPP's active power, and (3) the control of active power of a WPP during emergency power system conditions. In the United States, ISO-NE requires that the active power output from WPPs shall be adjustable in real time. In addition, when grid frequency fluctuates, the active power output and its ramp rate shall be limited, and WPPs shall act according to the automatic generation control command signal. A WPP shall maintain a power factor within the range from 0.95 leading to 0.95 lagging, measured at the POI, unless the transmission provider has a different power factor range. The standard is dynamic and can be met using power electronics or fixed and switched capacitors. The power factor equipment cannot be disabled while the WPP is in operation. • Both FERC and NERC have been actively engaged in setting rules and recommendations for voltage and reactive power control. These rules, though subject to some interpretation, are a sound foundation for ISO-NE. 2.1.1.2 Pursue 0.95 power factor at the POI.
Standard
Sec. Requirement
FERC
• ISO-NE's Large Generator Interconnection Agreement (Item 9.6.1) requires power plants to be capable of continuous operation in the power factor range from 0.95 leading to 0.95 power factor lagging.
• However, ISO-NE should avoid applying the ±0.95 power factor rules for unreasonable conditions. 2.1.1.3 Specify a minimum level of dynamic reactive power capability.
• It is recommended that the ISO-NE system studies be used as a mechanism to dictate the fraction of plant reactive capability.
Wind turbine types and reactive capability
• Type 1and Type 2 machines always consume reactive power. WPPs with Type 1 and Type 2 WTGs use static voltampere reactive (VAR) compensators or static synchronous compensators and/or switched capacitors and reactors if controlled reactive power is required.
• Type 3 and Type 4 machines may (or may not) have substantial reactive power capability. That capability may be available at all power levels, or it may be described as a power factor capability.
• As with all other types of generation, WTGs have voltage limits. Reactive power delivery requirements must be subject to these limits.
Summary of the Comparison
China's national standard requires wind turbines installed in a WPP to have power factors that are dynamically adjustable within the range from 0.95 leading to 0.95 lagging. China's industry standard has only qualitative requirements regarding a WPP's ability to control the reactive power and installation of the requisite reactive voltage control system. In addition, China's national standard specifies the reactive power sources and provision of reactive power capacity: when the reactive capacity of a wind turbine cannot meet the system voltage regulation requirements, a reactive compensation device with the proper capacity shall be collectively installed in the WPP; if necessary, a dynamic reactive compensation device shall be installed.
The three U.S. wind interconnection standards indicate that a WPP should maintain a power factor within the range from 0.95 leading to 0.95 lagging and a certain extent of voltage regulation at zero active power output. U.S. standards do not require all WPPs to have dynamic reactive power regulation; instead, this depends on the characteristics and structure of the electric power grid to which the concerned WPP is connected.
Voltage Control
According to China's standards, WPPs should be equipped with a reactive voltage control system with reactive power regulation and voltage control capacity. The WPP shall automatically regulate its delivered (or absorbed) reactive power to control the voltage at the POI, and the regulation speed and control accuracy should meet the power system's requirements for voltage regulation. The WPP should also be able to control the voltage at the POI within 97%-107% of the nominal voltage. • WPPs shall be equipped with a reactive voltage control system that shall have reactive power regulation and voltage control capacity. According to the command of the power system dispatch center, the WPP shall automatically regulate its delivered (or absorbed) reactive power to control the voltage at the POI. The regulation speed and control accuracy shall be able to meet the requirements of the voltage regulation of the power system.
ISO-NE requires
Control objectives
• When the voltage of a public power grid is within the normal range, the WPP shall be able to control the voltage at the POI within 97%-107% of the nominal voltage.
Main transformer selection
• The on-load tap changer should be adopted for the main transformer in the WPP substation, which controls the voltage in the WPP through the taps of the main • ISO-NE's Large Generator Interconnection Agreement (Item 9.6.2) requires WPPs to have a voltage regulator and to operate in automatic voltage control mode. WPPs should be subject to this same requirement, and they should respond to voltage set-point (schedule) signals communicated from the independent system operator to the WPP.
• WPPs are often connected to a weak portion of the grid, and the selection of the appropriate voltage schedule can improve the performance and security of the system. 2.1.1.8 Adopt permissive rules for low power.
• Requirements for voltage regulation should be relaxed or eliminated at low power output (less than approximately 20% of the plant rating), and permissive reactive power range should enforced.
• This permissive interpretation means that a plant may operate anywhere in the reactive power range corresponding to ±0.95 power factor of 20% of plant nameplate whenever the plant power output is less than 20% of its nameplate rating. 2.1.2.5 Allow, or even encourage, reduced power output for deep voltage events.
• During deep voltage depressions, it is physically difficult or impossible to maintain active power injection to the grid.
• In addition to allowing active power to drop during voltage depressions, New England should avoid excessively tight or fast post-fault power recovery requirements.
Standard
Sec. Requirement
• Recovery to within 90% of predisturbance power within seconds is a reasonable target.
Voltage controls
• Power plants are normally required to regulate bus voltage at the POI.
• This is normally the high-voltage side of the bus of the plant's step-up transformer. Conventional plants with synchronous generators regulate bus voltage by controlling field current with an excitation system. As with conventional plants, voltage schedules for WPPs should be provided by the grid operator.
• Several basic schemes regulate voltage with a WPP:
o Use controlled reactive compensation devices (capacitors, reactors, static VAR compensators, static synchronous compensators) in the plant substation.
o Control the reactive power output of the individual wind turbines.
o Use a combination of both.
Voltage control at low power levels
• A plant may operate anywhere in the reactive power range corresponding to ±0.95 power factor of 20% of plant nameplate whenever the plant power output is less than 20% of its nameplate rating. This works out to be ±6.6 VAR for power levels between 0 MW and 20 MW for a WPP rated at 100 MW.
No-wind VAR production and voltage control
• Some original equipment manufacturers offer WTGs that can provide smooth, fast voltage regulation by delivering controlled reactive power even when the wind turbines are not generating active power. WPPs equipped with this feature will provide effective grid reinforcements by providing continuous voltage regulation.
Summary of the Comparison
China's standards require WPPs to be equipped with a reactive voltage control system and have the ability to provide reactive power regulation and voltage control. According to the command of the power system dispatch center, the WPP shall automatically regulate its delivered (or absorbed) reactive power to control the voltage at the POI. The regulation speed and control accuracy shall be able to meet the requirements of voltage regulation of the power system. An on-load tap changer transformer should be used as the main transformer in a WPP substation in which the voltage in the WPP is controlled. This will ensure normal operation of the wind turbines in the WPP. The control objective is to ensure that the WPP's voltage at the POI is within 97%-107% of the nominal voltage when the public electric grid voltage is within normal operating range.
In the United States, ISO-NE requires WPPs to have a voltage regulator and to operate in automatic voltage control mode. Requirements for voltage regulation should be relaxed or eliminated at low power (less than approximately 20% of the plant rating), and the permissive reactive power range should be enforced. Fast voltage regulation can be realized by delivering controlled reactive power even when the wind turbines are not generating any active power.
Active Power Feed-In at Overfrequency/Underfrequency
China's standards make it necessary for WPPs to follow the instructions of the grid dispatch stations for active power feed-in at overfrequency/underfrequency. U.S. standards specify the technical requirements. When the frequency of the power system is higher than 50.2 Hz, the active power of the WPP shall be reduced according to the command of the power system dispatch center, or the whole WPP shall be cut off under the serious conditions. NB/T 31003-2011 5.1.3 If the system's frequency regulation capacity is insufficient, reduce the active power of the WPP. 
.4.2 Overfrequency response
When enabled, the response of the GE Wind CONTROL will rapidly reduce power output for the duration of the overfrequency event.
3.4.4.3 Underfrequency and power reserve response To allow for an increase in WPP active power output in response to an underfrequency condition, some active power production must be kept in reserve. Active power feedin at overfrequency/ underfrequency GB/T 19963, Q/GDW 392-2009 When the frequency of the power system is higher than 50.2 Hz, the active power of the WPP shall be reduced according to the command of the power system dispatch center, or the whole WPP shall be cut off under serious conditions. NB/T 31003-2011 If the system's frequency regulation capacity is insufficient, reduce the active power of wind.
Summary of the Comparison
WTGs are required or encouraged to provide primary frequency response in response to high or low system frequency.
Frequency Range
China's three standards each require WPPs to withstand an overfrequency or underfrequency event for a period of time. China's standards set 48 Hz, 49.5 Hz, and 50.2 Hz as thresholds to determine wind turbine operation status. When the frequency of the electric power grid is in a normal state (i.e., between 49.5 Hz and 50.2 Hz), WPPs should work in continuous operation mode. During overfreuqnecy, the WPP is required to have at least a few minutes of operating capability; however, China's standards contain no specific requirements for underfrequency (i.e., lower than 48 Hz).
U.S. standards, on the other hand, do contain requirements for underfrequency events. Thresholds for operation range are set at 57.5 Hz, 58.0 Hz, 58.4 Hz, and 59.4 Hz. Further, requirements on frequency change rate have also been considered in U.S. standards (ISO-NE 3.2.4). Refer to Table 31 for ERCOT's underfrequency and overfrequency relay requirements. 
Voltage Ride-Through Capability
When the voltage at the POI drops to within a certain range caused by power system failures or disturbances, wind turbines with LVRT capabilities can operate uninterruptedly while maintaining their connection to the grid [13] . A wind turbine's LVRT capability helps ensure power system balance and maintain stable frequency during and after disturbances. When wind turbines do not have LVRT capability, WPPs may trip if a grid fault occurs [15] .
China's standards require a wind turbine to remain connected when the voltage is reduced to 0.2 p.u. for up to 0.625 second, whereas U.S. standards have different requirements. In terms of active power restoration, China's national standard requires a restoration speed of 10%/second of the rated power; whereas in the United States, ISO-NE suggests a restoration time of 0.5 second. In terms of dynamic reactive power support, China's national standard requires a reactive current response time not longer than 75 ms and proposes detailed technical requirements and a calculation formula for the dynamic reactive current. In the United States, ISO-NE does not have requirements for the corresponding time of the dynamic reactive current, but it proposes qualitative requirements (rather than quantitative requirements) for dynamic reactive support.
China's Standards
China's requirements for the LVRT of a WPP are illustrated in the table below. When the voltage at the POI drops to 20% of the rated voltage, WTGs should ensure continuous operation with no disconnection for 0.625 second. When the voltage at the POI is able to recover to 90% of the rated voltage within 2 seconds after dropping, generators should ensure continuous operation with no disconnection. Figure 2 ), the wind turbine must ensure continuous operation with no disconnection; otherwise, the wind turbine is allowed to be cut off. 9.3 Active recovery For the WPP not cut off during the fault period of the power system, the active power shall rapidly recover after the fault clearance, and it shall recover to the value before the fault with a power change rate of at least 10% of rated power per second since the fault clearance. 9.4 Dynamic reactive supporting capacity For a WPP group with a total installed capacity of 1 GW and more, when the power system voltage drops due to a three-phase short-circuit fault, each WPP shall have the following dynamic reactive supporting capacity during the LVRT process: 1. When the voltage at the POI of the WPP is within 20%-90% of the nominal voltage, the WPP shall be able to support the voltage recovery by injecting the reactive current. The dynamic reactive current control response time shall not be more than 75 ms, and the duration time shall not be less than 550 ms, because the voltage at the POI drops. 2. The dynamic reactive current injected to the power system by the WPP IT≥1.5×(0.9-UT)IN, (0.2≤UT≤0.9), where:
• UT: per-unit value of voltage at the POI
• IN: rated current of the WPP. When the voltage at POI is able to recover to 90% of the rated voltage within 2s after dropping, the WTGs shall ensure continuous operation with no disconnection. 6.4.4. For WTGs not cut off during the fault period of the power system, the active power shall rapidly recover after the fault clearance, and it shall recover to the prefault status with a power change rate of at least 10% of rated power per second after the fault clearance.
U.S. Standards
FERC Order No. 661 requires WPPs to have LVRT capability down to 15% of the rated line voltage for 0.625 second. The plant must also be able to operate continuously at 90% of the rated line voltage, measured at the high-voltage side of the WPP's substation transformer(s) [12] . FERC Order No. 661A amended the LVRT standard, requiring WPPs (following the transient period) to "ride through low-voltage events down to a zero voltage level for 'location specific' clearing times up to a maximum of nine cycles" [13] . ERCOT and ISO-NE also require WTGs to remain interconnected through low-voltage fault conditions of at least nine cycles at 0 V. A.i.
The standard applies to voltage measured at the POI. Figure 3 1. WPPs are required to remain in service during three-phase faults with normal clearing (which is a time period of approximately four to nine cycles), single-line-to-ground faults with delayed clearing, and subsequent post-fault voltage recovery to prefault voltage unless clearing the fault effectively disconnects the generator from the system. The clearing time requirement for a three-phase fault will be specific to the WPP substation location, as determined by and documented by the transmission provider. The maximum clearing time the WPP shall be required to withstand a three-phase fault shall be nine cycles at a voltage as low as 0.15 p.u., as measured at the high-voltage side of the WPP step-up transformer (i.e., the transformer that steps the voltage up to the transmission interconnection voltage or "generator step-up transformer"), after which, if the fault remains following the location-specific normal clearing time for three-phase faults, the WPP may disconnect from the transmission system. 2. This requirement does not apply to faults that would occur between the WTG terminals and the high-voltage side of the generator stepup transformer or to faults that would result in a voltage lower than 0.15 per unit on the high side of the generator step-up transformer serving the facility. 3. WPPs may be tripped after the fault period if this action is intended as part of a special protection system. 4. WPPs may meet the LVRT requirements of this standard by the performance of the generators or by installing additional equipment (e.g., static VAR compensator) within the WPP or by a combination of generator performance and additional equipment. WTGs are required to set their relays to remain interconnected through lowvoltage fault conditions of at least nine cycles at 0 V. Each intermittent renewable resource is required to set generator voltage relays to remain in service for at least 0.15 second during all transmission faults and to allow the system to recover, as illustrated in Figure 5 . Recovery time to 90% of p.u. voltage should be within 1.75 seconds. Faults on individual phases with delayed clearing (Zone 2) may result in phase voltages outside this boundary, but if the phase voltages remain inside this boundary, then generator voltage relays are required to be set to remain connected and recover, as illustrated. Each intermittent renewable resource shall remain interconnected during three-phase faults on the ERCOT system for a voltage level as low as 0 V with a duration of 0.15 second as measured at the POI, unless a shorter clearing time requirement for a three-phase fault specific to the generating plant POI is determined by and documented by the transmission service provider in conjunction with the small generator interconnection agreement. The clearing time requirement shall not exceed nine cycles. Each intermittent renewable resource shall set generator voltage relays to remain interconnected to the ERCOT system during the following highvoltage conditions, as illustrated in Figure 5: The required high-voltage ride-through (HVRT) tolerance would reasonably be specified as a cumulative duration to withstand, as is the common and accepted practice for other power system equipment, and would not be specified as an "envelope" defined by the elapsed time from some initiating event. Recover to the prefault value with a power change rate of at least 10% of rated power per second since the fault clearance.
Limiting the recovery to a rate of 5.0 p.u./second has been shown to give good system performance in tests according to ISO-NE. 
Wind Power Forecasting
The variability in wind energy production exposes power system operations to risks in electricity supply and cost-effective balancing of load. Wind generation forecasting is an important tool for scheduling wind energy to enhance power system operations [22] .
China's standards require WPPs to be equipped with wind power forecasting systems capable of providing 0-2-hour short-term wind power forecasts and 15-minute-4-hour very short-term wind power forecasts. WPPs should automatically report the forecasting curves of wind power of future 15-minute-4-hour forecasts to the power system dispatch center in 15-minute intervals. WPPs should deliver day-ahead forecasting curves (the time resolution of the predicted values should be 15 minutes) of wind power at a time specified by the power system dispatch center [8] .
In the United States, FERC issued Order No. 764 in 2012, requiring (1) public utility transmission providers to offer generation facilities the option to schedule transmission service at 15-minute intervals and (2) operators of renewable generation facilities (20 MW or larger) to provide meteorological and operational data to the transmission providers for more accurate power production forecasting.
ISO-NE recommendations contain a detailed description of the forecasting system of WPPs, including data accessing and forecasting methods. It requires a high degree of reliability and accuracy for aggregate wind generation forecasts. The forecasts are divided into three timescales:
(1) very short term (0-6 hours), (2) short-term "day-ahead" (6 hours-72 hours), and (3) medium range (3 days-10 days). In addition, a separate ramp forecast is recommended to estimate the provability of a ramp occurring in any given hour [15. ] ISO-NE implemented centralized wind forecasting in January 2014 consisting of a 7-day aggregate forecast, 48-hour-ahead forecast, and a 4-hour-ahead forecast.
ERCOT has implemented centralized wind forecasting since 2008. AWS Truepower provides wind forecasts at the individual WPP level and aggregated level for up to the next 48 (rolling) hours, updated hourly and delivered 15 minutes past the hour. Operators of WPPs must then use this forecast when submitting the resource plan or schedule for their WPP [22] , [23] . 
China's Standards
U.S. Standards
Summary of the Comparison
China's standards require WPPs to be equipped with a wind power forecasting system together with a forecasting curve report. In the United States, the specific requirements for wind power forecasting vary by utility. ISO-NE provides detailed recommendations of the forecasting system of WPPs, including data gathering and forecasting methods. 
Communications Requirements
China's standards for communications requirements are more specific than those of the United States. China's industry and national standards require WPPs to provide specific communications facilities. In the United States, FERC requires WPPs to have SCADA installed. ISO-NE suggests that the communications of WPPs meet the International Electrotechnical Commission Standard 61400-25 and has protocol requirements for static and real-time operating and weather data transmission. The WPP is required to provide SCADA capability with the specific SCADA information and control capability required and agreed to by the WPP and the transmission provider. WPPs are only required to have the capability to receive instructions; transmission providers are not authorized to control a WPP in any way. The plant owner and the transmission provider have the flexibility to negotiate the specific SCADA capability that meets the needs of the transmission system at the specific location of the WPP. In addition, the parties have the flexibility to decide which information should be provided and which equipment should be installed at the site.
China's Standards
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FERC Order
No. 661A N/A ERCOT Nodal Operating Guides
3.15
All WTGs must provide a real-time SCADA point that communicates to ERCOT the number of wind turbines that are available for real power and/or reactive power injection into the ERCOT transmission grid. WTGs must also provide two other real-time SCADA points that communicate to ERCOT the following: 1. The number of wind turbines that are not able to communicate and for which the status is unknown 2. The number of wind turbines out of service and not available for operation. WPPs are also required to supply a variety of other telemetry (e.g., net MW, gross MW, megavolt-ampere reactive, met data) ISO-NE Operating Procedure OP-14-Appendix F The 2009 recommendations suggest that ISO-NE consider adopting International Electrotechnical Commission Standard 61400-25. 14 The operating procedures specify in detail the data requirements from individual WPPs, including static plant data (e.g., coordinates, turbine specification, and met gathering stations), as well as realtime data (e.g., WPP future availability [hourly], plant generation [every 4-10 seconds], and curtailment [every 5 minutes]), which must be submitted through the ISO's system using the ISO's protocol. The communications mode, transmission channels, and information transmission between WPPs and the dispatch center should be determined by the dispatch center.
Summary of the Comparison
ISO-NE:
Real-time operational and meteorological data must be electronically and automatically transmitted by the WPP operator to the ISO over a secure network using the protocol approved by ISO-NE.
Summary
Grid integration of large-scale wind power may impact electric power system quality, voltage, stability, and operations. Standards for grid-connected WPPs provide effective ways to ensure power system security and stability. A comparison of the key technical requirements for gridconnected WPPs in China to those in the United States has been conducted in this report. The report compared China's standards to those of the United States in regards to power quality, power control, voltage control, active power feed-in at overfrequency/underfrequency, frequency range, LVRT capability, HVRT capability, wind power forecasting, and communications requirements. Several key differences are highlighted within each section.
China's standards GB/T and NB/T and U.S. standards under FERC, NERC, ERCOT, and ISO-NE have been included in this study. There are some differences in key technical requirements for grid-connected WPPs, including those for LVRT, HVRT, and voltage control. For instance, in some cases, U.S. standards include more indicators, such as frequency range. In other cases, China's standards are more demanding than those of the United States, such as those for voltage deviation and active power control. Differences between China and the United States in terms of regional wind power penetration, climate, grid infrastructure, and markets are some factors that may contribute to these variations.
Both sets of standards face challenges and are continually changing to become more suitable for their respective grid systems. In China, some of the standards (e.g., GB 18451.1-2001) are directly adopted from U.S. International Electrotechnical Commission standards (61400-1); however, these may not be suitable for local conditions. In addition, climate-specific standardsconcerning typhoons, plateau climates, and low temperatures-have yet to be adopted in China. Further, some standards in both countries need to be updated to the increasing levels of wind in the generation mix.
The characteristics of the generation fleet may change in the near future, with higher percentages of variable generation, modern resource forecasting methods, and advanced computational capabilities that enable power system operators to maintain power system reliability and stability. As wind generation technology progresses, the grid codes must be revised to reflect the technical capabilities and power system conditions. Similarly, regional power system networks and the nature of generation may differ from one place to another; thus, local grid codes must be adhered to ensure regional power system stability and reliability. This comparative study aims to help further the development of relevant technical standards in China and the United States.
